INTRODUCTION
The excellent high temperature strength of the superalloys used in aeronautical gas turbines is derived from the precipitation of ordered and coherent y' phase Nig(A1,Ti) within Ni solid solution. The mechanical properties of these materials are strongly dependent upon the microstructure produced during thermal treatments. This work is focussed on the experimental study and the modelling of intragranular y' precipitation (also called secondary precipitation) during the oil quench corresponding to a 200Klmin (3Kls) quench rate.
A previous experimental study has been discussed in [I] . Further work is done to improve the comparison with the model, through the evaluation of volume fraction (from dilatometry experiments) and the determination of the precipitate size by TEM (from dilatometry and high quench rate experiments). The alloy we study is the N18, a complex commercial grade used by SNECMA for turbine disks [2] .
The characterization of the y + y + y' transformation through dilatometric experiments and TEM has also been published by HAZOTTE and SIMON but on the single crystal superalloy CMSX-2 [3].
EXPERIMENTAL
All the experiments have been performed with material from the same atomized, extruded and isothermally forged bar of N18 (Ni -15.5 Co -11.4 Cr -4.3 Al -4.3 Ti -6.4 Mo wt.%). In the fabrication standard, the material is solution treated at 1165°C during 4 hours, then quenched, which provides the precipitation of fine intragranular y' precipitates, and finally, is submitted to annealing in order to stabilize the structure by coarsening of intragranular y' precipitates. At room temperature, the volume fraction of y' phase reaches 55%. The heat treatment was performed in the radiation furnace of the dilatometer: the specimens were heated at 50KIs prior to annealing for 4 hours. The subsequent cooling was forced by helium. Calculated temperature homogeneity in the diameter of N18 dilatometry specimens were 0.5 K for 3 Kls (180 Klmn), the typical cooling rate, and 23K for 170 Kls (10200 Klmn), the highest used cooling rate. A special "hyperquenching"
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993743 furnace has been used to study the different steps of the precipitation and is described elsewhere [4] . Dilatometric specimens were then studied by Transmission Electron Microscopy (TEM). Dilatometric and microscopic experimental techniques have been fully described in [I] . The foils were observed in dark field mode using the [loo] superlattice reflexion.
EXPERIMENTAL RESULTS

Dilatometry
As described in [I] , dilatometry experiments have been conducted in order to follow the evolution of the y' volume fraction during quenching. Figure 1 illustrates a typical dilatometric record obtained at 3 K/s (180 Klmn). After the thermal transient, a quasi linear contraction is observed followed by a sudden slope change around 1130°C. This sudden contraction is related to the precipitation phenomenon. Then, a continuous contraction with a small positive curvature is observed down to room temperature. This experiment is in good agreement with the modelling. An undercooling is necessary to enable massive nucleation, which occurs 35 K under the equilibrium temperature. A more sophisticated method than the one described in [l] has been used to analyse the precipitation kinetics from the dilatometric curves. Assuming that the dilatation of the material results from the contribution of both volume fraction and expansion coefficient, we use a 3' d order polynomial absolute baseline ( Fig.1 ) which is representative of the expansion coefficient of y and y' phases. The polynomial baseline derivative is interpolated from the portions of the curve non submitted to phase transformation, that is between room temperature and 600°C (due to the low diffusion coefficient) and the slope above 1130°C (before the beginning of the secondary precipitation). The absolute ordinate position of the baseline is fitted with the experimental curve at 1140°C. The so called treated curve is obtained by substracting the experimental curve to the interpolated one. Fig.2 presents an example of two experiments submitted to the same cooling rate, 3Ws, and showing the reproductibility of the dilatometric results. As the thermal expansion coefficients of y and y' phases are close (see for example [S] ), a more sophisticated baseline correction including CTE mismatch between the two phases did not seem reasonable compared with other experimental uncertainties. In the following, it is assumed that the treated dilatometric curve is proportionnal to the precipitated volume fraction. Effects linking this curve with the actual precipitated volume fraction are complex, largely not quantified (elastic stresses, vacancies) and will not be discussed henceforth, but a linear relation seems plausible [6] . Dilatometry experiments were used to study the effect of cooling rate on precipitation kinetics and 7 cooling rates ranging from 0.8 to 170 Kls (20 to 10200 Klmn) have been performed. After a numerical filtering, some of the treated dilatometric records are plotted on Fig.3 .
It has already been shown in [I] that the temperature of the inflexion point (maximum of the derivative) decreases as the cooling rate increases with an approximate slope of 10 K per decade of the cooling rate, in agreement with known thermodynamic and kinetic parameters. 
TEMPERATURE (OC)
The microstructures of the samples cooled continuously down to room temperature are presented in [I] . The size of the secondary y' precipitates decreases with the cooling rate and their morphology moves from spheres for small precipitates to octocubo~dal and butterfly shapes (due to anisothermal conditions [7] )for large particules.
In order to follow step by step the phenomenon of the first stages of the precipitation, we developed a high quench rate apparatus described in 141. The microstructure of five specimens submitted to a sudden 104-5 Kls quench at selected temperatures during a 3KIs quench (known within an accuracy of f 2°C) are reported in Fig. 4 . Due to the "hyperquench" rate, only a few 3 nm intragranular precipitates are observed on Fig 5-a. Small clusters of about 0.5 nm in diameter were also observed (maybe related to fluctuations of the solid solution short range order). Fig 5-b shows that a high density of small precipitates has formed at 1123OC. At this stage a high nucleation rate event already occurred, providing 15 nm spherical particules. As the temperature decreases down to lllO°C, the precipitates start to warsen up to 90 -130 nm in size and consequently they move to cuboldal shape Vig.5-c). The coarsening process of the precipitates is still taking place at 1020°C (Fig.54) and their size is observed between 120 and 140 nm. The precipitate size remains almost unchanged down to room temperature ( Fig.5-e) .
COMPARISON BETWEEN MODELLING AND EXPERIMENTAL RESULTS
The precipitation phenomenon is described by classical nucleation and coarsening equations presented in [I] , assuming a mean diffusionnal field (LSW hypothesis). Recent experimental studies of the first steps of nucleation and coarsening of y' precipitates in binary Ni-A1 and a simplified Ni-Co-Cr-Al-Ti alloy [8-9-10 ] at moderate temperatures (550450°C) have shown that such equations are relevant. The numerical model calculates the evolution of the whole precipitate size density for each time step of the thermal history of the specimen.
Dilatometry
The evolution of the calculated volume fraction with temperature given by the modelling, is plotted in figure 6 for the cooling rate of 3KJs. This curve predicts three.distinct precipitations.
As the volume fraction scale is unknown for the experimental curve, it is fitted by two points to the calculated curve (at the temperature of start of nucleation and at the temperature of the end of secondary precipitation). The experimental and calculated curves are in good agreement above 950°C but do not have the same evolution at lower temperatures. The model allows a good description of the kinetics of the secondary precipitation but is not relevant at temperatures lower than 950°C (and volume fraction higher than 20%), probably due to strong diffusionnal interactions between the precipitates not taken into account by the equations. This discontinuous behaviour could disagree with ARDELL's conclusion [ll] concerning the invariance of y' coarsening kinetics over a wide range of volume fractions. In our anisothermal case, we observe that diffusionnal interactions inhibit new nucleation phenomenon, independently of the coarsening behaviour. Further modelling work should be based on Monte Carlo atomistic simulations described for instance by ABINANDANAN [12] . As the communicating neighbours concept introduced by DE HOFF [13] assumes the lack of solute source except precipitates, it cannot be applied in the non-isothermal coarsening case studied here.
